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Introduction 
Polymers are long chain-like molecules where a large number of monomers are connected by 
chemical bonds. A liquid state of polymer without solvent at high temperature is called a polymer 
melt. A polymer melt shows a characteristic dynamics when a chain length is longer than a certain 
critical length. In this situation, chains strongly interact with each other owing to their 
interpenetrations and topological uncrossabilities, which are known as entanglements. Due to the 
entanglements, a chain cannot move perpendicularly to its contour but can only diffuse along its 
contour. As this motion is similar to a slithering motion of a reptile in a tube, which is formed 
dynamically by the surrounding chains in a mean-field sense, this slithering motion is called 
reptation. Based on the concepts of tube and reptation, Doi and Edwards successfully formulated 
the rheological properties of entangled polymer melts theoretically.  This theory is known as a tube 
theory or Doi-Edwards theory. Contrary to the success of Doi-Edwards theory, this theory cannot be 
applied to inhomogeneous systems, where the concept of the tube as a spatially and temporally 
averaged object cannot be justified. For predicting properties of entangled polymer systems with 
inhomogeneity, we need to extend the theory by reconsidering the entanglements. In this context, 
intensive efforts have been devoted to theoretical, experimental, and numerical approaches to 
understand what the entanglement is and to establish mesoscopic and appropriate descriptions of 
entanglements. One of the promising numerical methods for inhomogeneous systems is the 
slip-spring model. This model reproduces the characteristics of the reptation dynamics by 
introducing transient springs sliding along the chain as mesoscopic effective interaction potential 
that describe entanglements. In this thesis, we focus on a simplified understanding of the 
slip-spring model and an application of this model to the mesophases of diblock copolymer melts as 
a typical example of inhomogeneous systems. 
 
Extended Rouse model 
As the first study, we propose a simplified and intuitive description of the entanglement effect based 
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on the idea of the slip-spring model. Starting from the so-called Rouse model, which is a 
conventional and useful model of unentangled polymer melts, we introduce several “entangled 
segments” with a slow mobility (or a large friction coefficient) instead of the transient slip-spring 
forces in the slip-spring model. We show that, due to these slow segments, the dynamics of chain 
becomes completely different from those of the standard Rouse model, the characteristic features of 
reptation dynamics, for example, the appearance of plateau region in the stress relaxation function 
and the typical scaling laws of reptation dynamics in the mean square displacement of the middle 
segment in the chain and the center of mass, can be reproduced. Contrary to the slip-spring model 
which can be solved only numerically, our model is analytically tractable by using a singular 
perturbation theory based on the renormalization-group equation. Thanks to this singular 
perturbation theory, we find that the chain dynamics of our model can be analytically decomposed 
into a slow dynamical mode and several Rouse chain dynamics for strands between entangled 
segments.  We also find that a superposition of contributions from individual modes can reproduce 
the characteristic features of reputation dynamics mentioned above. Although the appearance of 
our model is completely different from the tube theory, our model can reproduce the same 
characteristics as the tube theory. We expect that this model suggests a simplified and alternative 
understanding of the dynamics of single chain in an entangled polymer melt. 
 
Rheological properties of diblock copolymers. 
As the second study, we applied a multi-chain slip-spring model proposed by Langeloth et al. to 
predict the rheological properties of a lamellar structure of an entangled symmetric diblock 
copolymer melt. We applied both small amplitude oscillatory shear (SAOS) deformations and steady 
shear deformations on this entangled block copolymer melt. From SAOS simulations, we obtained 
storage and loss moduli for the states with several possible orientations of the lamellar layers 
relative to the direction of the shear deformation, i.e. parallel, perpendicular, and transverse 
orientations. These results clearly show that the rheological properties of these lamellar 
orientations are noticeably different with each other due to the difference in the constraining effect 
on the junction points of block copolymers at the lamella interface. We also performed steady shear 
simulations to determine the most stable lamellar orientation in the steady state of unentangled 
and entangled diblock copolymer melts. The steady shear viscosities obtained in these simulations 
show a distinctive difference between these orientations. To clarify this effect quantitatively, we 
introduce a fully entangled system where the slip-springs can be attached to any segment 
irrespective of their type of segments, and a partially entangled system where the slip-springs are 
allowed to attach only to one type of segments in the diblock polymer chain. The fully entangled 
system and the partially entangled system show completely different viscoelastic behaviors under 
steady shear flow. In the partially entangled system, we find that the steady shear viscosity of the 
parallel orientation is lower than that of the perpendicular orientation in the low shear rate region, 
while the viscosity of perpendicular orientation is lower than that of the parallel orientation at the 
high shear rate region. This crossover of the viscosity between two orientations cannot observed in 
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the fully entangled system. Based on the non-equilibrium statistical mechanical point of view, the 
steady shear viscosity is proportional to the energy dissipation rate, which should be minimized for 
the most stable steady state.  This guiding principle is known as the minimum energy dissipation 
principle. From our result, we clarify that the asymmetric viscoelastic properties of a diblock 
copolymer have strong relation to the relative stability of the possible lamellar orientations. 
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論文審査の結果の要旨 
 
冨吉 良徳 氏の提出の博士論文「Rheological properties of inhomogeneous entangled polymer 
systems(不均一な絡み合い高分子系のレオロジー)」は，高分子濃厚系における高分子鎖の絡み合
い挙動に起因する粘弾性特性を記述する理論の構築とそのシミュレーションによる解析に関する
研究である。 
長い鎖状の分子である高分子は，液体状態では互いに絡まり合って複雑な運動様式を示す。こ
の運動の長時間挙動は，周囲の高分子の作る管の中を管に沿って 1 次元的に運動する「レプテー
ション」という描像でよく記述できるということが知られている。冨吉氏の研究は，レプテーシ
ョン描像における管の概念を「鎖をピン止めする可動のリング」を用いて表現する「スリップス
プリング・モデル」と呼ばれるモデルをベースにし，レプテーション理論の種々の制限を取り除
こうとする研究である。この博士論文は以下の二部構成になっている。 
第一部では，冨吉氏は，スリップスプリング・モデルのピン止めしている点に相当する少数の
モノマーの運動係数(粘性係数の逆数）を他のモノマーと比べて大きくすることでモデル化し，特
異摂動法と呼ばれる手法を適用することで，高分子鎖の運動方程式の粗視化表現を理論的に導出
した。この粗視化モデルは，鎖の短時間の振る舞いと長時間の振る舞いの両方の特徴を有してお
り，レプテーション理論における長時間の遅い緩和の起源をはっきりと示している。 
 第二部では，冨吉氏はスリップスプリングの描像を散逸粒子動力学（DPD)と呼ばれる鎖の集団
の粗視化モデルに導入することで，これまでは均一系を対象としてきたレプテーション描像を相
分離構造を有する不均一系にも拡張した。冨吉氏はこのモデルを用いて，ブロック共重合体と呼
ばれる数 10nm オーダーの相分離構造を有する系に外部変形を加えた時に，相分離のドメインの方
向と外部変形の方向の相対的な関係によるドメイン構造の安定性を議論し，従来分子論的な理論
では明らかにされていなかった「外部変形に対するドメインの方向の転移」の機構を解明した。 
これらの研究は，同分野において価値のあるものであり，冨吉氏が自立して研究活動を行うに
必要な高度の研究能力と学識を有することを示している。したがって，冨吉良徳氏提出の博士論
文は，博士（理学）の学位論文として合格と認める。 
